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SUMMARY

In this article, through the comparison of knowledge relating to historical earthquakes with
the understanding of present-day earthquake mechanics and overall GPS slip rates in the
eastern Mediterranean region, it has been possible to obtain an idea of how frequently large
earthquakes may be expected in some parts of the region. It has also been possible to make
an assessment from these early events of slip rates over a long period of time for the Gulf
of Corinth in Greece, the Marmara Sea in Turkey and the Dead Sea Fault System, as well as
deriving long-term magnitude—frequency relations for these same regions.

It has been demonstrated that slip rates calculated from historical data are in general com-
parable to those calculated from GPS measurements and field observations, while the size of
historical earthquakes and their uncertainty can be quantified. This permits a more reliable
estimation of the long-term hazard, the calculation of which is the concern of the engineering
seismologist. It has also been shown that in most cases large earthquakes are less frequent
when they are estimated from long-term data sets rather than from the instrumental period
making the notion of recurrence time and of hazard assessment, questionable.

This study focuses on some of the few areas in the world for which long-term macroseism
information exists and which facilitate this kind of analysis.

Key words: Dead Sea Fault Zone, earthquakes, Gulf of Corinth, historical seismicity, slip

rates, Sea of Marmara.

INTRODUCTION

Recent earthquakes in the Eastern Mediterranean region, which has
a long and well-documented historical record, suggest that the seis-
micity record of the 20th century covers too short a time span and
is, therefore, not a useful guide to estimating long-term earthquake
activity. This raises a number of questions, which are addressed
here:

(1) Isthe level of uncertainty of the location, and in particular the
magnitude of historical earthquakes, insignificant enough to allow
this information to be useful for the estimation of long-term hazard
and strain rates?

(2) Is this new information, which is based on macroseismic
data, consistent with what is known about earthquake mechanics
today and does it contribute to a better understanding of earthquake
hazard?

The object of this article is to investigate these questions using
the results from the reappraisal of the long-term seismicity of the
Gulf of Corinth in Greece, of the Marmara Sea in Turkey and of
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the of Dead Sea Fault System, which runs through Syria, Lebanon,
Israel and Jordan.

The motivation here is to see whether the use of new and improved
databases, chiefly of historical information, but also of recent results
from GPS measurements and models, and of field measurements,
would confirm general conclusions drawn earlier, which were based
on historical seismicity. In other words, that it is not advisable to
ignore the chance that much, or all, of our seismic records of the last
100 yr may result from a quiescent or energetic period in seismic
activity, nor to make assumptions based on incomplete data sets.

Data

The threestudy regions, which are of different dimensions and style
of faulting, are shown in Fig. 1, and their dimension and seismologic
characteristics are summarized in Table 1.

The long-term seismicity of the Gulf of Corinth in Greece since
1697, and of the Marmara Sea region in Turkey since the beginning
of our era, has already been dealt with by Ambraseys & Jackson
(1997, 2000), and the revised database used in this work can be
found in Meghraoui (2004—-5a). Table 2 lists the earthquakes of Mg >
7.0 identified in these three study areas. However, some remarks on
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Figure 1. Location map. C = Gulf of Corinth, M = Sea of Marmara, D = Dead Sea Fault Zone.

the method used to estimate recurrence frequencies and slip rates
may be in order.

Magnitude assessment

Surface wave magnitudes M; of pre-1896 earthquakes were calcu-
lated from intensity data using the scaling formula,

Ms; = —1.54 + 0.65(1;) + 0.0029(r;) + 2.14 log(r;) + 0.32p, (1)

which has been derived from 20th century earthquakes in the Mid-
dle East with recalculated surface wave magnitude from the Prague
formula (Ambraseys 1992). Intensities /;, are on the Medvedev—
Sponheuer—Karnik (MSK) scale, and distances 7; (in km) in the
near-field are either site-source distances or distances from the clos-
est point of the causative fault rupture. In the far-field r; is the
average radius of the isoseismal of intensity /;, which was calcu-
lated using the ‘kriging’ technique (Olea 1999), a contouring method
employed successfully for earthquakes in other parts of the Middle
East (Ambraseys & Douglas 2004). In eq. (1), which is valid for
Ii < VIII, p is 0 for mean value and 1 for 84 percentile. Fig. 2 shows
eq. (1) as a function of distance and intensity /;.

For the assessment of seismic hazard in the region of the Dead Sea
Fault Zone, eq. (1) was recalibrated using 20th century earthquakes
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within a smaller region, defined by 32° to 38°N and 34°E to 40°E.
This area includes all the major constituent tectonic elements of
the Dead Sea Fault Zone and of the active zones adjacent to it,
such as its junction with the southeast Anatolian Fault, the little
understood off-shore fault system, which is located between the
eastern Mediterranean coast and Cyprus in the west, as well as with
the Palmyra structures in the east. It includes southeastern Turkey,
the whole of Cyprus, Syria, Lebanon, Israel, Jordan, the westernmost
part of Iraq and parts of northeastern Egypt and Saudi Arabia.

The fitted equation to the available intensity /;, distance r;, and
magnitude Mg data is

Msci = —0.138 + 0.554(1) + 0.0033(;) + 1.54 log(r;) + 0.31p,
2

similar to eq. (1). For distances greater than ca. 70 km eq. (2) over-
estimates M by up to 0.4 M g¢; units, and underestimates M g¢; for
greater distances by the same amount. Residuals are comparable
with the standard deviation in the determination of Msc;. Eq. (2)
is presented in order to show the effect of regional variations on
the scaling of magnitude relations, which are important in hazard
assessment. For the sake of uniformity with previous studies eq. (1)
was used.
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Table 1. Parametric catalogue of earthquake of Mg > 7.0 in the regions of the Gulf of Corinth, Sea of Marmara and Dead Sea

Zone.
G. Corinth Marmara Sea Dead Sea
None Y M D N E Mg Y M D N E Mg
32 00 00 40.5 30.4 7.0 363 5 19 31.5 354 7.4
68 00 00 40.7 30.0 7.2 551 7 9 33.9 35.9 7.3
121 00 00 40.5 30.1 7.4 746 1 18 32.8 35.8 7.0
123 11 10 40.3 27.7 7.0 860 1 35.5 355 7.0
160 00 00 40.0 27.5 7.1 1157 8 12 353 36.4 7.2
180 05 03 40.6 30.6 7.3 1170 6 29 34.7 36.4 7.3
268 00 00 40.7 29.9 7.3 1202 5 20 34.1 36.1 7.2
358 08 24 40.7 30.2 7.4 1212 5 1 30.0 35.0 7.0
447 11 06 40.7 30.3 7.2 1458 11 16 31.0 353 7.1
478 09 25 40.7 29.8 7.3 1588 1 4 29.0 36.0 7.2
484 00 00 40.5 26.6 7.2 1759 11 25 33.7 35.9 7.5
740 10 26 40.7 28.7 7.1 1822 8 13 36.7 36.8 7.4
989 10 25 40.8 28.7 7.2 1837 1 1 333 35.5 7.0
1063 09 23 40.8 27.4 7.4 1872 4 3 36.4 36.5 7.0
1296 06 01 40.5 30.5 7.0
1343 10 18 40.9 28.0 7.0
1354 03 01 40.7 27.0 7.4
1419 03 15 40.4 29.3 7.2
1509 09 10 40.9 28.7 7.2
1556 05 10 40.6 28.0 7.2
1625 05 18 40.3 26.0 7.1
1659 02 17 40.5 26.4 7.2
1672 02 14 39.5 26.0 7.0
1719 05 25 40.7 29.8 7.4
1737 03 06 40.0 27.0 7.0
1766 05 22 40.8 29.0 7.1
1766 08 05 40.6 27.0 7.4
1855 02 28 40.1 28.6 7.1
1894 07 10 40.7 29.6 7.3
1912 08 09 40.8 27.2 7.3
1953 03 18 39.9 27.4 7.1
1957 05 26 40.7 31.0 7.2
1967 07 22 40.7 30.7 7.2
1999 08 17 40.8 30.0 7.4
Table 2. Conspectus of data used in the study.
Gulf of Corinth Marmara Sea Region Dead Sea Fault
1703-1995 1900-1995 1.—2000 1900-2000 100-2000 1900-2000
Period examined 37.5-38.5 37.5-38.5 39.5-41.5N 39.5-41.5N 29.0-37.0N 29.0-37.0N
Region defined by its corner coordinates varies varies 26.0-31.0E 26.0-31.0E varies varies
Length of the region (km) 135 135 420 420 880 880
Width of the region (km) 80 80 220 220 200 200
Surface area (x 104) km? 1.2 1.2 9.2 9.2 16 16
Predominant style of faulting N N RL RL LL LL
Average seismogenic thickness (km) 10 10 10 10 10 10
Total number of events identified 280 221 937 566 540
Calculated event Mg 175 151 553 445 139 59
Number of events Mg > 5.0 73 49 176 75 82 15
Number of events Mg > 6.0 36 13 82 16 38 1
Number of events Mg > 6.8 2 0 52 8 21 0
Standard deviation of single observed Ms 0.35 0.2 0.35 0.2 0.35 0.25
Standard deviation of event Mg 0.17 0.07 0.15 0.05 0.2 0.1
Min. and Max. Mg used to assess velocity 6.06.8 6.8-7.4 6.8-7.5
Mo contribution from smaller events 1.3 1.7 1.6

Errors in Mg

The usual procedure for the estimation of magnitude is that for a
given historical earthquake, M g¢; is calculated with eq. (1) from as

may sitesource distances or isoseismal radii as are available and the
average value of Mg is the event magnitude Ms.

It has been found that for historical earthquakes in the east-
ern Mediterranean the average standard deviation of a single M;
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Figure 2. Plot of macroseismic magnitude M sy, from eq. (1) for intensities
I; = 1II to VIIT (MSK) scale with source distance r; (in km). In the near-
field, r; are site-source distances or site distances from the closest point of
the causative fault rupture.

determination o s is usually 0.4-0.5 Mg units, while the aver-
age standard deviation of the mean event magnitude o varies be-
tween 0.15 and 0.30 Ms units. For events reported from very few
places this value can be larger. As is to be expected in certain
cases, the paucity of data may contribute a rather large uncer-
tainty in the assessment of Mg with no foreseeable possibility of
reducing it.

For the instrumental period, after 1912, the standard deviation
of station magnitudes os remains nearly constant for the whole
100-yr-long period, with a mean value of £0.25 My units but with
considerable scatter (£0.09). The standard deviation of the mean
o varies somewhat with magnitude and is on average £0.10 in Mg
units (£0.05) (Ambraseys & Douglas 2000).

Seismic moments

Regarding seismic moments, for more recent earthquakes Mo values
are either Harvard CMT estimates or calculated from P/SH mod-
elling, taken from published sources.

For historical earthquakes or for events for which M is not avail-
able, seismic moments were estimated from surface wave mag-
nitudes using the bilinear ‘regional’ relation, derived specifically
for the eastern Mediterranean and the Middle East (Ambraseys &
Jackson 2000).

The ‘global’ log(M ()—Ms relations of Ekstrom and Dziewonski
(1988) and Ekstrom’s for ‘continental’ earthquakes (Ekstrom 1987)
were also used for comparison.

The ‘continental’ relation yields the smallest Mo values for a
given Ms > 6.0, while the ‘regional’ relation yields M, values much
closer to CMT estimates, which are about 20 per cent smaller than
those from the ‘global’ relation.
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Frequency—-magnitude distribution

For short-term observations, regional seismicity is well described
by Gutenberg’s cumulative frequency—magnitude relation

log(N/y.a) = a — BMs, (3)

in which (N/y.a) is the annual number of earthquakes of magnitude
equal to, or greater than, Ms per unit area (a). However, as can be
demonstrated along a fault zone, the same type of distribution is
not proper for the description of seismicity over a long period of
time.

Contribution of small earthquakes to the total moment

For the assessment of slip rates, data sets need to be as complete as
possible in terms of magnitude. However, in long-term seismicity
studies the data is necessarily incomplete and restricted to the larger
events, usually of magnitudes greater than 6.0.

Therefore, the calculation of total momentrelease M requires the
addition to the known total moment of the contribution from smaller
magnitudes not accounted for in the summation. This depends on
the range of Mg over which the moments are explicitly summed,
as well as the likely size of the largest earthquake. It depends also
on the exponent 8 (M) in the frequency—magnitude relation, which
may be the linear, piecewise linear, or, at large My values, non-
linear. It also depends on the choice of the scaling log(M()—Ms
law, (e.g. Molnar 1979; Ambraseys & Sarma 1999). M{ may be
expressed as M = g(M}), in which M} is the known sum of
moments calculated from the available magnitude range and scaling
law.

Variation of slip rate with time

The seismic moments of the earthquakes were summed to obtain
estimates of the variation of shear or extensional velocity with time
for 300, 1900 and 2000 yr periods of observations using

T
u(t) = [(T(H)L)W]™ Y (M), @
0

where M (dyn cm) are the seismic moments of individual events
during a period of observation of T years; H is the seismogenic
thickness for strike-slip faults or the width for normal faults; w is the
rigidity (3.0 x 10" dyn cm?) and L is the length of the fault zone.
It is assumed that each event contributes to this motion and used
throughout an average seismogenic thickness of 10 km, regardless
of actual crustal depths known in the region.

It is possible that some of the smaller events in these three regions
may have had fault mechanisms different from the predominant
mechanism in the region, but this assumption is not thought to be
an important source of error.

Note that the average slip rate is not representative of the average
long-term velocity for periods of observation, which are too short
to exhibit the repeat time of the larger earthquakes.

GULF OF CORINTH

The Gulf of Corinth is 135 km long and 80 km wide with an equiv-
alent surface area of 1.2 square degrees, located in a region of
crustal extension, which is bounded on both sides by normal faults
Fig. 1.
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Figure 3. Annual frequency distribution per square degree for the region
of the Gulf of Corinth. Thick line (B) is for the period 1703-2000, and thin
line (A) for the 20th century.

Seismicity

Over the 300 yr period since 1700, for which macroseismic infor-
mation is available, the seismicity of the Gulfregion appears to have
been relatively high with none of the events, however, exceeding M
s of about 6.7.

The historical and instrumental records for this 300 yr period con-
sist of more than 200 earthquakes, for 175 of which it was possible
to assess macroseismic or instrumental magnitudes for the estimate
of extensional velocities. The data set seems to be complete for
events within a rather narrow Mg range, 6.0-6.8. For smaller events
incompleteness is partly due to fact that there are as many earth-
quakes with epicentral areas on land as in the Gulf, which does not
allow the assessment of the macroseismic magnitudes.

Annual frequency distribution

Fig. 3 shows the short-term annual frequency—magnitude distribu-
tion, normalized to a square degree, for the period 1900-1995, which
is relatively complete down to about Mg = 4.5, showing a reason-

able B value of —0.6. Also shown for comparison is the long-term
frequency distribution for the period 1703—-1900, of events in the
narrow magnitude range 6.0-6.8.

It has been observed that at the upper end of Mg the two curves
tend to coalesce and that the slope of the latter curve, which may
be considered to be an extension of the former, steepens from S
= — 0.6, tending asymptotically to 8 = —1.4, suggesting an upper
bound for M. This lack of earthquakes greater than Ms 6.7 probably
reflects the lack of continuity of faults, with few fault segments in
Central Greece being demonstrably continuous for more than about
20-25 km, which is consistent with Mg 6.7.

Velocities

The time variation of extensional velocities is shown in Fig. 4 for a
seismogenic thickness of 10 km.

The irregular rates in the first 100 yr of the record are partly
due to the short time intervals used to calculate velocities at the
beginning of the historical period. For longer time intervals, and for
the remaining 250 yr, the velocity is stable, suggesting that 300 yr
is sufficiently long to estimate an average moment release rate for
this part of Greece and an average extension rate across the Gulf of
Corinth of 1.38 cm yr~!. Similar rates have been documented for a
larger region (twice as long and wide).

Direct velocity measurements

These extensional velocities are similar to the geodetically estimated
extension velocities. Clark et al. (1997) estimated 1.0 cm yr—! N—
S extension in the western Gulf and 0.4 cm yr~! in the eastern
Gulf, averaged over a 100 yr period by re-occupying first order
triangulation points with Global Positioning Systems (GPS), and
similar values of 1.3 cm yr~! and 0.6 cm yr~', averaged over a 5 yr
period with GPS alone.

Agatza-Balodimou et al. (1995) obtained a higher average ex-
tensional rate of about 1.8 cm yr~! over a 20 yr period from a
re-occupation of lower order, and less accurate, triangulation points
with GPS. Thus for the Gulf of Corinth, although seismicity alone
cannot resolve the difference in extension rate between the eastern
and western Gulf, it does indicate that the likely velocity across
the Gulf of Corinth should be 1.4 cm yr~!. Given the errors, this
estimate is almost the same as that calculated from GPS and trian-
gulation surveys of a much larger area that includes the adjacent
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Figure 4. Average velocity of the Gulf of Corinth during the period 1703 to 200 calculated from eq. (4) for the regional log(M ¢)—Ms relation. H is the assumed
seismogenic thickness of 10 km, and L is the length of the fault zone. Note that for periods 7 (yr) which are too short to disclose the repeat time of the larger
earthquakes average slip rates (A), are not representative of the long term velocity.
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of the Sea of Marmara. Thick line (B) is for the period 1-2000, and thin line
(A) for the 20th century.

Gulf of Evia, which shows a combined velocity of only 1.2 cm yr~!

(Jackson 1999). See also Avallone et al. (2004) seen very recently,
after this article was written.

MARMARA SEA REGION

Another region with a much longer and better-recorded seismic
history is the region of the Sea of Marmara in north-western Turkey,
which is roughly bounded by 39.5°N to 41.5°N and 26°E to 31°E.

Tectonics

The region is dominated by the right-lateral North Anatolian Fault
Zone, which accommodates most of the westward motion of Turkey,
a narrow and localized character, clearly defined by the predomi-
nantly strike-slip surface along its entire 1000 km length, associated
with a series of major earthquakes.

The Marmara submarine fault system is the result of oblique ex-
tension and as such is segmented showing asymmetric slip partition-
ing, with the faults that bound the north of the basin carrying more
strike-slip motion than predicted from the Anatolia—Eurasia plate
motion, and faults to the south having a perpendicular component
(Armijo et al. 2002; Flerit ef al. 2003).

Seismicity

The revised seismicity of the region over the last 2000 yr shows no
evidence for truly large earthquakes of a size comparable to that
further east in the North Anatolian Fault Zone. Events are smaller,
in keeping with the known fault segmentation of the Basin.

Annual frequency distribution

Fig. 5 shows the annual frequency—magnitude distribution per
square degree for the region, derived from 20th century data. For
Ms < 6.5 the distribution follows eq. (3) with a 8 value of about
—0.7, which for larger magnitudes dips to much smaller 8 values.

If the period of observations is extended to about 2000 yr it may
be observed that the larger magnitudes, at the upper end of the recur-
rence curve, because the 20th century record is too short to disclose
the repeat time of larger earthquakes, the relation shows an asymp-
totic behaviour suggesting a genuine departure from Gutenberg’s
eq. (3).

The implication is that large earthquakes in the Marmara region
are less frequent when assessed from the long-term data set than
from the usual 100 yr instrumental period, making the notion of a
recurrence time, in its usual definition, and of hazard assessment,
questionable.

Variation of slip rate with time

The variation with time of slip rates is shown in Fig. 6, again for
a seismogenic thickness of 10 km. If it is assumed that the typical
thickness or locking depth is smaller, say 7 km (Meade et al. 2002),
this would increase the velocity by almost 40 per cent.

With the exception of the irregularity of the velocity in the first
centuries, the velocity for the rest of the period is quite constant with
an average value of 2.0 & 0.4 cm yr™'.

The time interval between the first year and the year beyond which
the average slip rate becomes stable, may be a measure of the length
of the repeat time between large events. However, confirmation of
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Figure 6. Variation of velocity of the region of the Sea of Marmara during the period 1-2000 calculated from the regional log(M )—Ms relation (see caption

Fig. 4).
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this would require the study of a much larger area over a longer
period of time, which, at present, is not feasible.

Meade has shown that the northern straight strand of the North
Anatolian Fault in the Marmara Basin carries four times as much
right-lateral motion as does the southern strand (Meade et al. 2002).
Historical seismicity cannot confirm this or the hypothesis of a sin-
gle, through going, purely strike-slip fault (Le Pichon et al. 2001).

It does confirm, however, that the slip rate and the moment release
along this straight fault geometry over the last 2000 yr accounts for
the known right-lateral shear velocity across the Marmara region
observed by GPS. There is no evidence for truly large earthquakes
of a size comparable to those in the North Anatolian Fault Zone,
earthquakes here being smaller, in keeping with the known fault
segmentation of the Basin.

Measured slip rate

Slip rates from GPS measurements show values between 2.2 and
2.6 £ 0.3 cm yr~! (Straub 1996; Reilinger et al. 1997) and corre-
spond to the elastic strain to be accounted for by future earthquakes
and seismic creep (Walcott 1984).

DEAD SEA FAULT ZONE

The third region investigated is that of the Dead Sea Fault Zone,
which extends for 880 km, from 28°N in the south, to 36°N in the
north, where it merges with the East Anatolian Fault Zone and which
has an equally long, but far less well recorded seismic history, than
the Marmara Sea region, Fig. 1.

The region

In defining the study region allowance was made for uncertainties
in the location of historical earthquakes that are likely to be asso-
ciated with the fault zone. The width for this zone was assumed to
be 100 km, although activity may spread out more than this in re-
straining bends, such as those associated with the Yammouneh fault,
the Palmyrides, and the East Anatolian Fault Zone. All earthquakes
located within this zone were considered as candidates for such an
association.

Tectonics

The northward motion of Africa relative to Eurasia is described
by a rotation and an average motion of about 0.6 cm yr~!. Arabia
moves northwards faster than this because its motion is enhanced
by seafloor spreading in the Red Sea. It is this effect that causes
the left-lateral strike motion on the Dead Sea Fault System, which
extends from the Gulf of Aqaba in the south to SE Turkey in the
north.

The Dead Sea Fault system consists of left-lateral fault segments
that connect the active oceanic spreading centres in the Red Sea
to the compressional deformation zones in southern Anatolia and
the Zagros (Garfunkel ef al. 1981). It has a total length of about
900 km, and includes several pull-apart basins (such as the Dead
Sea Basin) and push-up zones, formed in regions of overlap between
left-stepping and right-stepping fault segments, respectively.

In common with all major continental strike-slip faults, the Dead
Sea fault system is segmented, with rupture in individual earth-
quakes limited in length by structural discontinuities or bends.

However, if the interpretation by McClusky et al. (2003) is cor-
rect, it implies that the Turkey—Africa boundary, running south of

Cyprus is on the African plate. This would require significant left-
lateral slip on the northern part of the Dead Sea Fault Zone, in
contrast to the interpretation of Butler ef al. (1997, 1998) who sug-
gest that the Africa—Arabia boundary follows the offshore Roum
fault south of Beirut.

The straightness of the Yammouneh fault segment suggests that it
is pure strike-slip in character and that it does not accommodate the
necessary shortening component required by its orientation: this
component will be taken up on nearby thrusts that will also pose
a seismic hazard. However, because of the oblique orientation of
the Yammouneh fault, relative to the Arabia—Africa slip vector, it
is extremely likely that other faults (possibly including the Roum
fault) are active between 31°N and 35°N.

In addition, not all the strike-slip component may be restricted to
the Yammouneh fault, and other adjacent or nearby faults, such as
the Roum fault, may also be participating in the slip of the fault zone,
with other fault segments being longer, moving in less frequent, but
larger earthquakes. Other adjacent faults, in the same region are also
capable of producing earthquakes, but how significant these are is
difficult to say.

As for the seismic activity, which occurs offshore between Beirut
and Cyprus, there is considerable historical evidence of earthquakes,
the size of which cannot be quantified.

Seismicity

The activity of the last 100 yr has been far lower than is necessary
to account for the Arabia—Africa motion, yet in previous centuries
large earthquakes are known to have occurred (Jackson & McKenzie
1988; Ambraseys & Melville 1988; Ambraseys & Barazangi 1989;
Ambraseys & Jackson 1997).

The present day quiescence of the Dead Sea Fault Zone becomes
apparent when considering that, excluding the earthquake of 1995
November 22 (Ms 7.1) on the extension of the fault zone in the Gulf
of Aqaba in the south, only one earthquake of Mg 6.0 has occurred
in the Dead Sea Fault Zone in the whole of the last century, namely,
the earthquake of 1927 July 11 (M5 6.0).

Very few focal mechanisms are available from the CMT catalogue
and they are all for relatively small (Ms < 5.7) earthquakes. Most of
them show the expected left-lateral motion parallel to the Dead Sea
Fault Zone and are apparently good solutions. Others located in a
region of complicated conjugate strike-slip faulting west of the Sea
of Galilee, west of the Dead Sea fault, show focal mechanisms with
nodal planes striking NE-SW and NW-SE rather than N—S (Ron et
al. 1984). This is a useful reminder that not all earthquakes in the
region occur on the main structure.

West of the Dead Sea Fault Zone around the Gulf of Iskenderun
the available mechanisms show the NE-SW left-lateral motion asso-
ciated with the East Anatolian fault system and also some extension,
which is expected between Turkey and Africa in this area (Jackson
& McKenzie 1984).

Some scattered activity occurs offshore between Lebanon and
Cyprus, with a number of poorly located events of Mg > 5.7 before
1963, which seem to be deeper than normal.

Little is known of the geological structures offshore that accom-
modate the Africa—Turkey motion between Cyprus and the Gulf of
Iskenderun. However, there is evidence that quite a few earthquakes
of magnitude 6.0 or more did occur offshore in historical times.

The seismic activity of the last 2000 yr, however, is quite dif-
ferent. It is probable that at least two large earthquakes in 1202
and 1759 occurred on the straight Yammouneh fault segment of the
main left-lateral fault system itself, which runs NNE-SSW for about
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Figure 7. Scatter plot of the larger earthquakes in the Dead Sea Fault Zone
since AD 363, showing a tendency to migrate with some regularity with time
along the trend of the fault zone, first to the north, then to the south and again
to the north. Curve shows the trend for events of Mg > 7.2. Open circles are
for earthquakes 7.0 < Ms < 7.2. Point labelling numbers refer to entries in
Table 1.

150 km and is thus oblique to the overall Africa—Arabia motion. It is,
therefore, not surprising that in this area the deformation is proba-
bly distributed over more than one fault, and may even be separated
into its strike-slip and thrust components, as is seen elsewhere in
regions of oblique convergence. A manifestation of this distributed
deformation may be the large (M5 7) earthquake of 1837 in southern
Lebanon, which appears not to have occurred on the Yammouneh
fault, and may have been on the Roum fault instead.

The available historical data suggests that both the 1202 and 1759
earthquakes ruptured the Yammouneh fault over a distance of about
100 km, which covers most of its length between the more N-S
trending segments of the fault system to the north and south.

An observation about the activity along the Dead Sea Fault

Zone is the 2000-yr-long regularity with which larger earthquakes
(Ms > 7.0) migrate with time. A scatter plot of the larger earth-
quakes in the Dead Sea Fault Zone since AD 363, which are shown
in Table 2 and Fig. 7, shows that there is a tendency for the location
of events to migrate with time along the trend of the fault zone,
first to the north, then to the south and again to the north, with a
surprising regularity.
The reason for this too neat pattern is not understood, and cannot
be explained without proper knowledge of the long-term seismicity
associated with the interaction of the Dead Sea Fault Zone with
the adjacent East Anatolian Fault Zone in the north. Earthquakes
north of 37°N have not been included and large earthquakes rupture
a considerable length of the fault, so that their representation as a
point may work well to make a graph like this and may obscure what
is in reality a much more complex situation.

Annual frequency distribution

The annual frequency—magnitude distributions per square degree
from the 100 yr long data set, is shown in Fig. 8. It follows eq. (3)
only up to Ms = 5.4, with a 8 value of about —0.8, which suggests
that a period of observations of 100 yr is too short for the Dead Sea
Fault Zone to exhibit its long-term seismic potential.

This lack of larger magnitudes become apparent from the fact
that the average slip velocity during the 20th century hardly ex-
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Figure 8. Annual frequency distribution of earthquakes per square degree
in the Dead Sea region. Thick line (B) is for the period 1-2000, and thin line
(A) for the 20th century.

ceeds one tenth of the average slip velocities based on reliable GPS
measurements.

How much more active the Dead Sea Fault Zone was in the past
can be seen from the entries in the magnitude column of Table 2,
where of the 14 significant earthquakes during the last 20 centuries,
none occurred in the 20th century.

An impression of the seismic potential of the fault zone can be
formed, however, from the frequency distribution of earthquakes
over the much longer period of 2000 yr, shown in Fig. 7. This figure
confirms that the actual frequency—magnitude distribution can be
extended to larger magnitudes at which the distribution becomes
smoothly asymptotic to Mg about 7.5.

Variation of slip rate with time

The time variation of slip velocity of the Dead Sea Fault Zone for a
seismogenic thickness of 10 km is shown in Fig. 9.

The average slip rate is 0.35 4= 0.08 cm yr~! and the general slip
pattern suggests that different segments of the main Dead Sea Fault
system remain locked between slip events in major earthquakes,
which are responsible for sharp velocity changes.

For the Dead Sea Fault Zone the main conclusion is that the most
likely overall slip rate across the zone is about 0.35 cm yr~!, and that
earthquake activity of the 20th century is definitely not a reliable
guide to the activity over a longer period.

Estimates of rates from measurements

Several early plate models that specifically address this region and
which are based on re-interpretations of the seafloor, earthquake
and fault data have been proposed (Joffe & Garfunkel 1987; Le
Pichon & Gaulier 1988; Jestin et al. 1994). All of them predict
about 0.8-1.0 cm yr~! of nearly N-S left-lateral slip across the
Dead Sea Fault Zone as a whole, which is now known to be an
overestimation.
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Figure 9. Variation of average velocity of the Dead Sea Fault Zone for the period 1002000, calculated from the regional log(M ¢)—Ms relation, plotted on a

velocity scale five times larger than in Figs 3 and 6 (see caption Fig. 4).

From the earthquake distribution and known patterns of active
faulting, the motion is likely to be confined to a relatively narrow
zone perhaps 100 km wide, but may spread out more that this in
restraining bends, such as those associated with the Yammouneh
fault and the Palmyrides (McBride et al. 1990; Chaimov et al. 1992;
Butler et al. 1998).

Rates of movement are known from global plate models, GPS
measurements and field observations, but not in great detail, so
that no attempt is made here to synthesize them. The new Arabia—
Africa Euler pole calculated from GPS measurements, predicts plate
motions from 0.4 to 0.5 cm yr~' along the southern Dead Sea Fault,
to about 0.6 to 0.7 cm yr~! along the northern Dead Sea Fault
(McClusky et al. 2003), while the local GPS survey for the central
Dead Sea Fault gives only 0.26 cm yr~! (Per’eri ef al. 1998).

Elastic dislocation modelling of GPS data in Israel yields a veloc-
ity of about 0.3-0.4 cm yr~! Wdowinski et al. (2004). Also for the
central part of the fault zone, GPS-based models give 0.4 at latitude
of 32°N, and 0.5 cm yr~' at a latitude 34°N (Sella et al. 2002). Fur-
ther to the north, at latitude about 36°N, a GPS-based model gave
0.6 cm yr~!' (McClusky et al. 2003) or 0.8 cm yr~!, as found by
Sella et al. (2002).

A few field measurements between the Dead Sea and the Gulf of
Aqaba, based on Late Pleistocene faulted alluvial fans give a slip
rate between 0.2 and 0.6 cm yr~!, (Klinger et al. 2000). Also, in the
north end of the Gulf of Aqgaba, in Wadi Araba, Early Pleistocene
drainage reconstruction of displaced alluvial terraces predicts sim-
ilar velocities and 0.3 and 0.75 cm yr~! (Ginat et al. 1998). Further
north, south of the Dead Sea, offset stream channels and fan sur-
faces suggest 0.47 mm yr~!' (Niemi ef al. 2001), while in the central
part of the Dead Sea Fault, along the 100 km long Serghaya fault,
field observations of Mid to Late Holocene channel displacements
made by (2003) give velocities of 0.13-0.15 cm yr~'. Within the
same part of the fault zone, displacements of Late Pleistocene/Early
Holocene fans on the Yammouneh fault show values of 0.4—0.5 cm
yr‘l, (Gomez, private communication, 2005). The same model at
latitude 34°N, gives 0.58 cm yr~', and at latitude 32°N gives 0.67 cm
yr~!. Finally, at latitude 35°N the displacement of the foundations
of a 2000-yr-old Roman aqueduct on the Massyaf fault segment,
based on Mid to Late Holocene channel, suggests a slip rate of 0.69
cm yr~!'. (Meghraoui et al. 2003).

The current interpretation of the GPS data suggests that an av-
erage rate of about 0.45cmyr~! 4 0.2 applies to the entire length
of the zone between Aqaba and Antakya, perhaps somewhat larger

in the north and smaller in the south, and that a proportion of the
Arabia—Africa motion may continue offshore south of Beirut along
the Roum fault.

Again here, historical seismicity alone cannot resolve the differ-
ence in slip rate between the north and south Dead Sea Fault Zone.

DISCUSSION AND CONCLUSIONS

The objective of this study was to understand better the current tec-
tonic activity and seismic hazard of three regions in the Eastern
Mediterranean by extending the period of the 20th century macro-
seismic observation by a factor of 20.

As it is not possible to know what will happen in the future, in
order to estimate likely earthquake hazards it is necessary to find
out what happened in the past and extrapolate from there.

In the process of doing this the level of uncertainty of the location
of large historical earthquakes has been found to be good enough to
guide field studies for further investigation of regional tectonics.

In some cases magnitudes are approximate and several factors
could change these. Given the uncertainties in the original Mg
values, the missing and unaccounted for seismic moment from
subevents, the uncertainties in the depth and in the log(M()-Ms
scaling law, it is difficult to estimate more realistic velocities from
historical seismicity alone. Arguing that the seismogenic thickness
for some of the earthquakes is as much as 15 km, would reduce the
velocities by a third.

Also, uncertainties in slip rates calculated from long-term histor-
ical data are relatively large, but in well-documented regions they
are comparable to those calculated from field observations and GPS.
In view of all these uncertainties, it is surprising that estimates from
historical data are almost the same as those calculated from GPS
and triangulation surveys.

We find that the major portion, perhaps effectively all of the long-
term motion in the three regions studied, including that due to miss-
ing events, is probably achieved by seismic slip on faults, and that
aseismic creep may be relatively unimportant. However, the uncer-
tainties in slip rates are large enough to mask likely differences that
may exist in various parts of a region, and answers to the prob-
lem of seismic versus aseismic slip might well come from geodetic
observations.

It has been calculated that the size of little known historical earth-
quakes can be better quantified by constraining their magnitude
within limits which satisfy regional mobility. This in turn, allows
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the estimation of a more reliable long-term hazard model, and also
the estimation of slip rates in regions for which GPS measurements
are not available.

A by-product of the present work which concerns chiefly en-
gineering seismology, is that in hazard modelling from short-term,
100-yr-long data sets, it is simply not reasonable to ignore the chance
that much, or all, of the records may be from quiescent or energetic
periods in seismic activity, particularly for small probabilities of ex-
ceedence. This is one of the possibilities that must be borne in mind
when making assumptions with short-term data sets, and the prin-
cipal reason why statistics alone cannot quickly and simply answer
the question of seismic hazard evaluation.

This new information is consistent with what is known about
earthquake mechanics today and it contributes to a better under-
standing of earthquake hazard.
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